order to perform thorough and systematic research regarding coal-bed wellbore stability problems, a new discrete element model which fully considers the features of cleat coal-beds is established based on the bed collapse/fracture pressure are determined; in addition, the relationships between pipe tripping speed and pipe size, cleat size, etc. and wellbore stability are analyzed in the coal-bed drilling and pipe tripping processes. The case studies show the following results: the wellbore collapses (collapse pressure: 4.33 MPa) or fractures (fracture pressure: 12.7 MPa) in certain directions as a result of swab or surge pressure wellbore stability, and if the drilling fluid pressure is too low, the wellbore is prone to collapse when enough, the butt cleat size has no influence on the wellbore fracture; the factors influencing coal-bed stability include the movement length, pipe size, borehole size.
stability problems are very significant (especially in multilateral horizontal coal-bed methane wells), due to low tensile strength, low elastic modulus, developed fractures (cleat gaps), strong pressure sensitivity, etc. of coal-beds (Gentzis et al, 2009a; Keim et al, 2011; Huang et al, 2013) .
In view of the problems of wellbore stability, many researchers have performed a large number of studies: Zhang et al (2006) studied the effect of the size of horizontal wellbores in coal-beds using the realistic failure process analysis (RFPA 2D ). Zhu et al (2007) analyzed the wellbore and poroelastic theories. Whittles et al (2007) described the application of computational modelling to the prediction of the stability of methane drainage boreholes during the extraction life of an active longwall coal panel. Deisman et al (2008) used the Hoek-Brown failure criterion with the geological strength index (GSI) to capture the influence of both cleating and micro-fractures on coal strength. Gentzis (2009b; 2009c) used STABViewTM 2D and 3D to analyze the wellbore instability problems occurring during drilling and production. Deisman et al (2010) and Hawkes (2007) examined wellbore stability based on mechanical properties factors on multi-lateral horizontal coal-bed methane wells based on the Hoek-Brown criterion. Qu et al (2010; 2011a; 2011b) did some research on the mechanism of coal-bed wellbore instability and drilling fluid density windows in
Introduction
Coal-bed methane is an important alternative energy source; its reserves are equal in amount to those of conventional natural gas, but at present the production of coal-bed methane is not very active. The exploration for coalbed methane began in America as early as the 1980s, but until 2010 coal-bed methane production only accounted for production. The coal-bed methane industry in China began relatively late, but its development has been very rapid, as there were more than 5,942 coal-bed methane wells in China by the end of 2011, and the surface coal-bed methane 8 m 3 ; however, the coal-bed of China's total conventional natural gas production (Sani and Ejefodomi, 2011; Shen et al, 2012) . The coal beds in China are characterized by low pressure, low permeability, low saturation and strong anisotropy, so horizontal drilling is becoming a favorable choice in coal-bed methane development. The gas producing rates of horizontal wells have reached 10 times those of vertical wells drilled in the same coal seams, with an average being 4-5 times (Matthews, 2005; Shen et al, 2012 Gentzis and Bolen (2008) examined the effect of seam thickness, seam depth, gas content, permeability, cohesion of the coal, overburden stress, wellbore length, reservoir pressure, drilling fluid density, water rate, mechanical skin and well trajectory on wellbore stability and gas production. Coal blocks are discontinuous due to the high development of cleats in coal-beds, and the mechanical characteristics of coal blocks are discontinuous and nonlinear. However, the foundation of the current wellbore stability theory is the continuum theory, thus it is impossible to describe the stress strain condition of cleat coal-bed boreholes. As a result, the instability mechanism of wellbores in coal-beds is unclear, and at present a comparatively accurate theoretical model has yet to be developed. In order to perform thorough and systematic research on wellbore stability in coal-beds, a new discrete element model which fully considers the features of cleat coal-beds is established based on the Kirsch equation. With this model, the safe pipe tripping speed, drilling fluid density window and the coal-bed collapse/fracture pressure are determined; in addition, the relationships between pipe tripping speed and pipe size, cleat size, etc. and wellbore stability are analyzed in the processes of coal-bed drilling and pipe tripping.
Establishment of a discrete element model
There are two approximately perpendicular cleat systems (a butt cleat system and a face cleat system) in a coal-bed, their respective cleat surfaces are located across from each other, dividing the coal-bed into many matrix blocks (Laubach et al, 1998; Yin et al, 2012) , as Fig. 1 shows.
the planes is perpendicular to the wellbore axis, and the plane strain condition can be applied to the vertical and horizontal wells (or deviated wells).
The discrete element method is not only a numerical analysis method, but also a pattern for thinking of rock mechanics. The interaction between each block obeys macroscopic Newton's laws while dividing the coal-bed into many matrix blocks; however, the block itself obeys microscale deformation elastic-plastic mechanics. According to the Kirsch equation, the stress of the matrix block can be expressed as follows: Each single coal matrix block is clamped between two the block is more likely to slip along the cleat face, resulting in wellbore collapse; when the drilling fluid pressure is which the wellbore rock suffered will turn from compressive to tensile, and if the tangential stress is higher than the tensile strength of the wellbore rock, then the wellbore will undergo tensile failure. Therefore, block one is singled out and analyzed with respect to the stresses, as shown in Fig. 2 . The compressive or tensile stress between block two and one (or between four and one) is obtained as follows: where 1 is the butt cleat oblique angle. As we all know that the wellbore length is much larger than the wellbore diameter. The stress state around the wellbore is plane strain condition in both vertical and horizontal wells (and deviated wells) except for the toe of the wellbore. So, we assume that the plane strain condition on According to the research of Osisanya and Schaffitzel (1996) , the matrix block size is small (about 10 mm). Compared with the borehole size, the matrix block size is much smaller. Thus, the opposite sides of the block can be considered as being equal to each other. The stress value of the acting surface is also considered as the mean stress, such as 41 and 21 . Therefore, the corresponding polar coordinates are as follows: Wellbores are very easily broken because they are sensitive to pressure fluctuations caused by tripping out (withdrawing the drill string, negative swab pressures) and tripping in (reinserting the drill string, positive surge pressures) (Lal, 1983; Sorgun and Ozbayoglu, 2010) . Therefore, the effect of pressure fluctuations must be considered when studying wellbore stability. The widely used method developed by Burkhardt (Burkhardt, 1961). The drilling fluid pressure has a close relationship with the pipe tripping speed, as shown in Table 1 , i.e. the surge and swab pressures will increase when the pipe tripping speed is increased. Therefore, Eq. (1) can also be written as follows: (13) wellbore stability, the relationships between pipe tripping speed and pipe size, cleat size, etc. and wellbore stability are analyzed based on the above established discrete element model during coal-bed drilling and pipe tripping processes.
In the case studies both the face cleat oblique angle and the butt cleat oblique angle are equal to 45º, the other basic calculation parameters are shown in Table 1 . Table 2 Pipe tripping speed V, m/s 0.5 1.0 1.5 2.0 2. 4.1 Effect of the pipe tripping speed on wellbore stability and determination of collapse and fracture pressure speed is 2.5 m/s (p s =4.33 MPa), the swab pressure caused by the pipe movement will lead to wellbore collapse in the 315º and 135º directions, therefore, in this case the formation collapse pressure p t =p s =4.33 MPa. As shown in Fig. 4 , when the tripping in speed is 4 m/s (p s =12.69 MPa), the surge pressure caused by the pipe movement will lead to wellbore fracture in the 0º and 180º directions, therefore, in this case the formation fracture pressure p p =p s =12.69 MPa. This MPa to 12.69 MPa the wellbore is stable; in other words, g/cm 3 . Therefore, in order to retain wellbore stability, it is necessary to avoid higher pipe tripping speeds in the pipe in the drilling process. Fig. 3 Effect of the tripping out speed on wellbore stability (a=b=10 mm) (11) we know that during pipe tripping the factors influencing pressure fluctuation are the drilling fluid properties, annulus diameter, pipe size, pipe tripping speed, etc. The smaller these are, the more stable the wellbore will be. As shown in Fig. 5 , the larger the pipe size is, the lower the probability of the wellbore stability will be. Therefore, during pipe tripping, in order to reduce the probability of wellbore instability we should use the smaller sized pipe, while keeping the other influential factors the same.
Effect of the cleat size on wellbore stability
The cleat size affects both wellbore collapse and wellbore fracture. As shown in Fig. 6 , when the drilling fluid pressure is sufficiently low, the wellbore will collapse with a decreasing ratio of face cleat size to butt cleat size. The wellbore is in a stable state when a=b=10 mm, but once a=2b=20 mm the wellbore collapses in the 315º and 135º directions. If the drilling fluid pressure is sufficiently high, only the face cleat size has an effect on the wellbore fracture while the butt cleat size does not, as shown in Fig. 7. based on the Kirsch equation. With this model, the safe pipe tripping speed, drilling fluid density window and coal-bed collapse/fracture pressure are determined, and in addition the relationships between pipe tripping speed and pipe size, cleat size, etc. and wellbore stability are analyzed in the processes of drilling coal-bed and pipe tripping. Through the analyses, the following recognitions and conclusions are achieved: 1) With the above established model, the coal-bed collapse/fracture pressure and drilling fluid density window are determined. In this paper, the collapse pressure is shown to be 4.33 MPa and the fracture pressure is 12.69 MPa. This MPa to 12.69 MPa, the wellbore is stable; in other words, the corresponding drilling fluid density window is 0.72-1.81 g/ cm 3 . 2) Wellbore instability probability increases as the pipe tripping speed increases, and when the pipe tripping speed reaches a certain value the wellbore will collapse or fracture in certain directions. In this paper, when the tripping out speed of the 152.4 mm drill collar is 2.5 m/s, the wellbore may collapse in the 315º and 135º directions, and when the tripping in speed is 4 m/s, the wellbore may fracture in the 0º and 180º directions.
3) In the pipe tripping process, the factors influencing diameter, pipe size, pipe tripping speed, etc. The smaller the diameter of the annulus, pipe size, pipe tripping speed and wellbore will collapse with a decrease in the ratio of the face cleat size to butt cleat size. If the drilling fluid pressure is wellbore fracture, while the butt cleat size does not.
Effect of other factors on wellbore stability
From Eqs. (8) and (9) and Table 2 we know that, in the processes of coal-bed drilling and pipe tripping, the mentioned factors, but also the principal stresses, borehole and tensile strength of cleats, etc. The effect of these factors on wellbore stability can also be investigated using the same method and theoretical model, thus they are not described in this paper.
Conclusions
In this study, a new discrete element model which fully considers the features of cleat coal-beds is established 
